To evaluate the efficacy of vascular reconstructive surgery for childhood moyamoya disease, the cerebral blood flow (CBF) in 31 hemispheres of 16 patients was examined by single photon emission computed tomography (SPECT) using the <SUP>133</SUP>Xe inhalation method.
. The mean hemispheric CBF (mCBF) and regional CBF (rCBF) in the frontal, temporal, occipital, and basal ganglia regions were calculated. Pre-and postoperative SPECT on the 10 hemispheres of the A(+) group showed an increase in mCBF in 6 hemispheres, the disappearance of the low perfusion area (LPA) in all 5 hemispheres where LPA was present before surgery, and an improvement in rCBF distribution (an increase in rCBF in the frontal and temporal lobes and a decrease in the basal ganglia). This suggests that vascular reconstruction is greatly effective in treating this disease. A comparison be tween the A(+) group and the A(-) group by postoperative SPECT, as well as the clinical outcomes and the postoperative findings of electroencephalography and angiography, revealed that the A(+) group was superior to the A(-) group in the frequency of LPA (12% and 43%, respectively) and rCBF in the frontal region where STA-MCA anastomosis was usually performed. These results in dicate that STA-MCA anastomosis with indirect synangiosis is the most effective treatment of childhood moyamoya disease.
Introduction
The moyamoya disease of childhood is characterized by the progressive arterial stenosis or occlusion of the circle of Willis and by abnormal vascular col lateral circulation networks at the base of the brain. The pathogenesis of this disease is presently un known and basic treatment for it has yet to be established. Therefore, in order to prevent cerebral ischemia, vascular reconstructive surgery is perform ed to increase the blood supply to the ischemic brain from the external carotid system. To evaluate the efficacy of the vascular reconstructive surgery, the pre and postoperative cerebral blood flow (CBF) was examined by single photon emission computed tomography (SPECT). The effectiveness of direct versus indirect vascular reconstruction was also investigated by the postoperative CBF study, the clinical outcomes, and electroencephalographic (EEG) and angiographic findings.
Materials and Methods
I. Pre and postoperative hemodynamic changes CBF was measured on 10 hemispheres in 6 child ren with moyamoya disease (Cases 1-6) pre and postoperatively (Table 1) . They included three boys and three girls and their average age was 9.7 years (range, 7-13 years). All of them had experienced ischemic episodes, clinically diagnosed as transient ischemic attack (TIA) in five cases and a minor com pleted stroke in one. Computed tomographic (CT) scans revealed no abnormal low density areas in any case except one hemisphere. Angiographic stages ranged from stage II to stage IV as defined by the Suzuki and Fukuyama classification.',") All six pa tients underwent superficial temporal artery middle cerebral artery (STA-MCA) anastomosis with in direct vascular reconstruction such as encephalo duro-arterio-myo-synangiosis (EDAMS), encephalo myo-arterio-synangiosis (EMAS), and encephalo myo-synangiosis (EMS). hemispheric CBF (mCBF) and regional CBF (rCBF) in the frontal, temporal, occipital, and basal ganglia regions were calculated at the slice 55 mm above and parallel to the orbito-meatal line, according to the "sequence of picture method" described b y Kanno and Lassen.') The spatial resolution was 20 mm horizontally and 24 mm axially, measured as full width at half maximum. The area of low density on the CT scan was excluded from the region of inter est on SPECT.
CBF was measured preoperatively at least 2 weeks after the ischemic attack, and postoperatively 2 or 3 times in each case, between day 13 and day 301 following the operation.
II. Comparison of operative effects
Thirty-one hemispheres in 16 children with moyamoya disease with vascular reconstructive ope rations in our department since 1982 were analyzed. They contained seven boys and nine girls and ranged in age from 7 to 14 years (average, 9.6 years). The postoperative follow-up period ranged from 4 to 63 months (average, 26.4 months). The clinical details are listed in Table 1 But recently STA-MCA anastomosis has also been carried out in addition to indirect reconstruction in all cases except those in which the STA supplies blood to the brain via trans dural anastomosis.
In addition, Preoperative angio graphic stages significantly differ between the two groups (Table 1) . Therefore, we consider it unlike ly that the A(-) group contained a greater number of severe cases in which direct anastomosis was im possible.
The clinical outcomes were classified by frequency of ischemic attacks in postoperative period. Ex cellent was no TIA; good, a few TIAs immediately after operation; fair, TIAs less frequently than pre operatively; poor, TIAs as frequently as preopera tively; and bad, development of cerebral infarction.
EEG was recorded by monopolar leading with a 10/20 electrode system and evaluated by the appear ance of a "build up" phenomenon during hyper ventilation and of a "re-build up" phenomenon after hyperventilation.
Conventional angiography was performed before and after surgery in all cases. The postoperative changes of STA opacification were evaluated on the lateral view of the external carotid angiograms and graded as follows: (+ +) and (+) denote the cortical branches of the MCA as visualized via the STA with or without considerable (more than double) enlarge ment of the STA diameter, respectively, and (-) in dicates no cortical branch of the MCA as visualized via the STA.
CBF was measured by the same method as men tioned above. The mCBF value, the site of low perfu sion area (LPA), and the relative rCBF distribution were compared between the two groups. As a result, the operation was effective in 9 of 10 hemispheres. The pre and postoperative per centage ratios of rCBF to mCBF in different regions are shown in Fig. 1 , which shows that preoperative ly the rCBF in the frontal, temporal, and occipital regions were almost the same as the mCBF, while the rCBF at the basal ganglia was higher than the mCBF. Postoperatively, the rCBF at the frontal and temporal regions close to the operative field in creased and the rCBF at the basal ganglia relatively decreased, which suggests an equilibration of post operative rCBF distribution.
Some cases revealed a decrease of mCBF at an early stage after the operation, but afterwards it in creased gradually, as shown in Fig. 2 upper. Such serial changes, a temporary deterioration followed by improvement, was more apparent in the relative rCBF at the frontal region which is closer to the operative field (Fig. 2 lower) . Two representative cases are described below. Case 2 (Fig. 3) : A 13-year-old boy suffered frequent TIAs on the left side from the age of 6. Neurological examination and CT did not show any abnormalities.
Preoperative SPECT showed a diffuse LPA in the right MCA territory and de creased mCBF on the right side. STA-MCA anas tomosis with EDAMS was performed on both sides. No TIA occurred following the surgery and SPECT on postoperative day 128 showed the disappearance of the LPA and an increase of mCBF on both sides.
Case 6 (Fig. 4) : A 10-year-old girl had a general ized convulsion at 8 years of age and underwent EMAS on the right side after the diagnosis of moyamoya disease. After the operation, she fre quently suffered TIAs on the right side. A CT scan revealed no low-density area, but SPECT disclosed LPA in the left frontal lobe. A STA-MCA anastomosis with EMAS was performed on the left side. The postoperative course was uneventful with out TIA. On postoperative day 13 SPECT showed an enlargement of the LPA and a reduction in mCBF on both sides. However, the LPA disap peared and the mCBF recovered by day 118.
As summarized in Table 3 , of the clinical out comes, 82% of cases in the A(+) group had an ex cellent or good postoperative course, while only 50% in the A(-) group. Moreover, in the A(-) group only, 14% (2 hemispheres) developed cerebral in farction even after the operation.
On postoperative EEG, the build up phenomenon was observed in about 70% of both groups, but the frequency of the re-build up phenomenon was definitely different between the two groups; 41% in the A(+) group and 71% in the A(-) group.
The postoperative angiography showed the cor tical branches of the MCA were opacified via the STA in all of the A(+) group. Furthermore, most patients (88%) showed considerable enlargement of the STA diameter compared with the preoperative angiography.
On the other hand, only 36% in the A(-) group showed considerable enlargement of STA, and no cortical branch was visualized via the STA in three cases (21%).
Postoperative SPECT revealed no difference in the mCBF between the two groups. LPAs were found in only 12% in the A(+) group, in contrast to 43% in the A (-) group. Moreover, in the A(+) group, LPAs were not present in the MCA territory, only in the posterior cerebral artery territory. Most LPAs in the A(-) group included the MCA territory. The relative rCBF distribution is shown in Fig. 5 . The rCBF at the frontal region in the A(+) group was higher than that in the A(-) group. 
Discussion
The treatment of moyamoya disease remains con troversial. However, surgical treatment such as vascular reconstruction has gradually gained wide acceptance since it was reported by Krayenbiihl,13) Karasawa et al.,9"10) and Matsushima et al. 15) In the present study the efficacy of vascular reconstruction for childhood moyamoya disease is evaluated by cerebral hemodynamics using SPECT, which enables us to derive three-dimensional measurements of CBF.
Hemodynamic changes after vascular reconstruc tion in children with moyamoya disease was in vestigated by Karasawa et al. ,12) using the argon desaturation method. They reported a significant in crease in the whole brain blood flow in patients with STA-MCA anastomosis or EMS. Using two-dimen sional measurement by 133Xe inhalation, Takeuchi22> observed an increase in mCBF in 14 (67%) of 21 hemispheres after EMAS. Similarly, Ishii et al.'s observed increased mCBF in 21 (54%) of 39 hemispheres. Using positron emission tomography, Fukui et al.4) noted an improvement of rCBF in 12 (63%) of 19 hemispheres mainly after EDAS. In our study, mCBF increased in 6 (60%) of 10 hemi spheres, and LPA disappeared in all 5 hemispheres in which LPA was present before surgery. In 9 out of 10 hemispheres an increase in mCBF or disappear ance of LPA was observed, which suggests vascular reconstruction is effective in accordance with previ ous reports.
Gotoh et al.6) reported the disappearance of "hyperfrontality" in moyamoya disease . In our case, preoperatively, "the hyperfrontality" was not found but rCBF at the basal ganglia, which is abundant in moyamoya vessels, was well preserved . Postoperatively rCBF increased in the frontal and temporal regions close to the operative field and decreased relatively at the basal ganglia. This cor responds to the postoperative angiographic changes where the collateral vascular channels via the exter nal carotid system were visualized in the operative field and the moyamoya vessels diminished gradual ly. As a result, an equilibrating of rCBF distribution was observed as reported by Nishimoto et al.") However, their findings contradict ours somewhat, in that rCBF increased mainly in the temporal re gion, and not in the frontal region. This discrepancy is thought to be a result of differences in operative procedure. Nishimoto et al. performed only EDAS or EDAMS with temporal craniotomy, while we made the craniotomy as extensive as possible and performed STA-MCA anastomosis in the frontal lobe.
Postoperative serial changes in mCBF and rCBF showed transient reduction soon after the operation as noted by previous reports.",") The causes of this temporary deterioration seem to be the influence of general anesthesia on surgery and operative inter vention such as the craniotomy itself, draining of cerebrospinal fluid, and temporary occlusion of the recipient artery during anastomosis.
As mentioned above, vascular reconstructive sur gery is widely accepted for the treatment of moya moya disease and several kinds of reconstruction are performed. A controversy remains as to which surgical procedure is the most effective.'-4,12,16,18,19) The operative approaches are divided into two groups; direct reconstruction such as STA-MCA anastomosis9"3) and indirect reconstruction such as EMS, 10) EDAS,14) and EMAS. Indirect reconstruction has the advantage that the surgical process is very simple and surgical intervention is minimal. Fukui et al.') reported, however, that it failed to provide a sufficient collateral blood supply in 20-30% of cases, in which ischemic symptoms persisted or progressed even after the operation.
In such cases, Nagata et al.") further performed direct anastomosis resulting in an improvement of the symptoms in all patients. They therefore concluded that direct anastomosis should be considered the best choice for the treat ment. Moreover, it is said that indirect reconstruc tion cannot establish immediate revascularization and is not suitable for the patients with frequent TIAs. Abe and Kamiyama') investigated the pre and postoperative clinical symptoms, EEG, and angiographic findings and found that STA was the most powerful source in the external carotid system supplying collateral blood flow, and that STA-MCA anastomosis, with an indirect nonanastomotic bypass, was more effective than only an indirect bypass. However, Karasawa et al.,12) using the argon desaturation method, observed an increase in CBF and cerebral oxygen metabolism 6 months after surgery in both the STA-MCA anastomosis group and the EMS group without any significant difference.
In our study, the A(+) group was superior to the A(-) group in hemodynamics, as well as clinical outcomes and EEG and angiographic findings. In detail, the frequency of LPAs was higher in the A(-) group and most of the LPAs included the MCA territory where the operative effect is most expected in this sort of operation. This suggests in sufficient collateral blood supply in the A(-) group. By contrast, the collateral flow seemed sufficient to eliminate the LPAs, at least in the MCA territory, in the A(+) group. Furthermore, the rCBF in the fron tal region in the A(+) group was higher than that in the A(-) group, which also indicates the good effect of STA-MCA anastomosis in the frontal lobe.
We conclude that STA-MCA anastomosis with in direct vascular reconstruction is the most effective treatment for childhood moyamoya disease in spite of its disadvantages of technical difficulty and greater surgical intervention. However, it is impossible even for this surgical procedure to prevent ischemia in the posterior cerebral artery or anterior cerebral artery territory in some cases, and this requires further studies on the need for a more extensive vascular re construction such as omentum transplantation.",",")
